L ow circulating levels of high-density lipoprotein-cholesterol represent a strong, independent cardiovascular risk factor. 1 In addition to the quantitative deficiency in circulating HDL particles, qualitative deficiency of atheroprotective HDL functionality is a typical feature of cardiometabolic disease. Indeed, cholesterol efflux capacity 2 and anti-inflammatory 3 and antiapoptotic activities 4, 5 of HDL are attenuated in patients with cardiometabolic disease.
The multiple biological functions of HDL particles are an integral reflection of key bioactive protein and lipid components 6 ; defective HDL functionality may therefore reflect alterations in both the proteome and the lipidome of these particles. Subnormal cholesterol content in HDL is the most classical example of such compositional alterations; it is not cholesterol, however, but rather phospholipids (PLs) that predominate in the HDL lipidome (20%-30% of total HDL mass), together with cholesteryl esters (CEs; 14-18 wt%), triglycerides (TG; 3-6 wt%), and free cholesterol (FC; 3-5 wt%).
1 Phosphatidylcholine (PC) constitutes the principal subclass of HDL PLs (15-20 wt%) December 2013 lysophosphatidylcholine (LPC), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidic acid (PA), and cardiolipin. [8] [9] [10] [11] [12] [13] Circulating HDL particles display a high level of structural and compositional heterogeneity. On the one hand, absolute HDL particle content of major lipid classes and PL subclasses across HDL subpopulations diminishes with progressive increase in hydrated density, reflecting depletion of total lipid relative to protein components. 8 On the other hand, the proportions of most lipid classes relative to total lipid content vary to only a minor degree across HDL subspecies. 8 In contrast, HDL% content of sphingosine-1-phosphate (S1P), a minor bioactive lipid, is elevated in small, dense HDL, whereas that of sphingomyelin (SM) is reduced. 8 HDL subpopulations can be distinct in their biological function; small, dense HDL3, which are enriched in bioactive lipids and proteins 8, 14 and display distinct structure, 15, 16 possess potent capacity to efflux cellular cholesterol via the ATP-binding cassette transporter A1 (ABCA1), 17 to protect low-density lipoprotein (LDL) from oxidative stress 18 and to inhibit apoptosis in endothelial cells. 19 These data suggest that heterogeneity in HDL composition and structure is linked to that in HDL function; major determinants of atheroprotective functions of HDL remain, however, to be identified.
As a first step in the evaluation of the compositional origin of defective HDL function in cardiometabolic disease, we quantified key features of the HDL lipidome in normolipidemic subjects and assessed their potential relationship to HDL functionality. Our structure-function analysis revealed that (1) several PL subclasses, and primarily negatively charged PS and PA, were enriched in small, dense HDL3, and (2) their content was positively associated with multiple biological functions of HDL, and notably cholesterol efflux capacity and antioxidative, antithrombotic, anti-inflammatory, and antiapoptotic activities.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Lipidome of HDL Particle Subpopulations in Healthy Normolipidemic Subjects
An original liquid chromatography-mass spectrometry/ mass spectrometry methodology for PL and sphingolipid (SL) profiling involving reverse-phase liquid chromatography separation was applied to the analysis of human plasma HDL subpopulations isolated by isopycnic density gradient ultracentrifugation. [20] [21] [22] This approach features separation of analytes and internal standards as a key step and allows matrix effects and varying ionization efficiencies to be accurately taken into account. For quantification, a set of non-naturally occurring internal standards was added before lipid extraction. Using this methodology, we identified 162 individual molecular lipid species in 5 normolipidemic HDL subpopulations across the 9 lipid subclasses, including 23 PC, 22 SM, 9 LPC, 25 PE, 17 PI, 11 PG, 24 ceramide (Cer), 18 PS, and 13 PA species. PC species clearly predominated, accounting together for 74% to 80% of total PL+SL, followed by SM (14%-20%), LPC (1.5%-3.3%), PI (1.6%-2.0%), PE (1.4%-2.1%), Cer (0.11%-0.19%), PS (0.03%-0.63%), PG (0.011%-0.015%), and PA (0.010%-0.025%) species (Figure 1) .
A high level of heterogeneity in lipid content was found across HDL subpopulations. Although absolute levels of the majority of lipid subclasses in HDL followed circulating concentrations of HDL particles (Table III in the onlineonly Data Supplement), SM and Cer tended to be enriched in large, light HDL2b, whereas PS preferentially associated with small, dense HDL3 particles ( Figure I in the online-only Data Supplement). As a result, when expressed as a wt% of PL+SL, PS, but also PC, LPC, and PA, showed a marked tendency to increase progressively in parallel with increase in hydrated density and reduction in size from HDL2b to HDL3c. Indeed, small, dense HDL were enriched in PC, PS, and PA relative to large, light HDL (P=0.01, P=0.003, and P<0.001 for trend, respectively; Figure 1 ). Furthermore, HDL3c was enriched in LPC (+48%; P=0.05) and PS (17-fold; P<0.01) relative to HDL2b (Figure 1) . Similarly, PE, PI, and PG tended to concentrate in small, dense HDL; these trends did not, however, attain significance ( Figure 1 ). Interestingly, lipid species of PS were localized almost exclusively in the densest HDL3c subfractions; PS content varied from 0.03% of total PL+SL in HDL2b to 0.63% in HDL3c. As a consequence, the percentage of negatively charged PLs PI, PS, PG, and PA increased with HDL density from 1.7% of total PL+SL in HDL2b to 2.6% in HDL3c. Very similar profiles of lipid subclasses across HDL subpopulations were observed when their content in HDL was expressed either as total mass or as molar % (data not shown). In addition, the profiles of the major individual molecular species within each lipid subclass were similar across HDL particle subpopulations (data not shown).
Concomitant with such enrichment in PLs, the proportion of SM and Cer decreased progressively in parallel with HDL density from 20% and 0.19% of total PL+SL in HDL2b to 14% and 0.11% in HDL3c, respectively ( Figure 1) . Interestingly, the most pronounced decrease in SM and Cer with HDL density was observed between HDL2b and 2a subfractions. As a result, the SM/PC ratio decreased from 0.27 in HDL2b to 0.21 in HDL3c, consistent with our earlier data. 8, 23 Similar relationships between HDL content of lipid subclasses and density were also observed when they were expressed on the basis of total HDL lipids ( Figure II in the online-only Data Supplement).
Consistent with published data, 1,18 HDL content of major lipid classes (PL, FC, CE, and TG) calculated on the basis of total HDL mass showed a distinct trend to decrease with increment in total protein content and particle density across 
Biological Activities of HDL Particle Subpopulations in Healthy Normolipidemic Subjects
The capacity of individual HDL subpopulations to mediate cellular efflux of FC was evaluated in macrophage-like human THP-1 cells, which efflux cholesterol predominantly via the ABCA1-dependent pathway. 24 On the basis of unit PL mass content, both small, dense HDL3b and 3c particles displayed greater efficacy in removing cellular cholesterol as compared with other HDL subpopulations (P<0.001; Figure 2A ). Thus, the cholesterol efflux capacity varied from 4.48% for HDL2b to 8.02% for HDL3c. Moreover, HDL3c exhibited higher cholesterol efflux capacity than HDL3b (P<0.001).
Antioxidative activity of HDL particles was assessed as inhibition of free radical-induced LDL oxidation. Consistent with previous data, 18 the inhibitory effects of small, dense HDL3b and HDL3c on LDL oxidation were superior relative to large, light HDL2b on the basis of total mass, with respect to both reduction in LDL oxidation rate in the propagation phase (3.8-fold; P<0.05, and 5.2-fold; P<0.01, respectively; Figure 2B ) and increases in the duration of this phase (7.2-fold; P<0.01 and 8.0-fold; P<0.01, respectively; Figure 2C ).
Antithrombotic activity of HDL subpopulations was evaluated as their ability to inhibit H 2 O 2 -induced phosphorylation of p38-mitogen-activated protein kinase (MAPK) and thromboxane B 2 production in human platelets on the basis of total protein content. Small, dense HDL3c prevented H 2 O 2 -induced phosphorylation of p38-MAPK to a greater degree than lighter HDL2b, 2a, 3a, and 3b subpopulations (P<0.05 for all comparisons; Figure 2D ). Moreover, HDL3c inhibited thromboxane B 2 production induced by hydrogen peroxide more efficiently than HDL2b (4-fold; P<0.01; Figure 2E ).
Anti-inflammatory activity evaluated using a cell-free assay on a total mass basis 25 tended to be predominantly associated with small, dense HDL. Indeed, HDL3b and 3c tended to attenuate generation of proinflammatory oxidized PLs to a greater degree as compared with other HDL subpopulations ( Figure 2F) .
Finally, and consistent with earlier data, 4,19 the small, dense HDL3c subfraction potently protected human microvascular endothelial cell line from apoptotic death induced by oxidized LDL ( Figure 2G ). On a total protein basis, HDL3c exhibited 2.0-fold superior antiapoptotic activity relative to HDL2b (P<0.05).
Correlations of Components Within the Lipidome of HDL Particle Subpopulations
Correlational analysis revealed multiple significant positive correlations within the HDL lipidome ( Figure 3A) . Thus, HDL contents of SM, Cer, CE, and FC, which were enriched in large, light particles, were intercorrelated.
Furthermore, a correlation was observed between HDL contents of negatively charged PS and PA, which were enriched in small, dense particles. In addition, PA was correlated with PI and LPC, which were also enriched in small, dense HDL. Next, PG, PE, and TG were intercorrelated; in addition, PE was positively correlated with Cer.
A series of negative correlations between lipid subclasses were largely consistent with the positive associations described above ( Figure 3A) . Thus, SM was negatively correlated with PA and PI. Finally, HDL PC was negatively associated with SM, LPC, PE, Cer, and CE.
Correlations of Lipidome Components With Biological Activities in HDL Particle Subpopulations
All biological activities of HDL subpopulations evaluated were intercorrelated ( Figure III in the online-only Data Supplement), reflecting their preferential association with small, dense, protein-rich HDL3. Such biological activities were significantly correlated with the components of the HDL phosphosphingolipidome ( Figure 3) . Indeed, HDL capacity to efflux cellular cholesterol from THP-1 cells was positively associated with the contents of PS. Metrics of antioxidative activity of HDL toward LDL were correlated positively with the contents of PS and PA and negatively correlated with those of SM, Cer, CE, FC, and TG. Parameters of antithrombotic activity of HDL toward platelets were negatively associated with the contents of PC, PI, and PG. Anti-inflammatory actions of HDL assessed in a cell-free assay were correlated negatively with the contents of SM, Cer, and CE. Strikingly, HDL content of negatively charged PS revealed essentially positive correlations with all metrics of HDL functionality, 2 of which reached significance after Bonferroni adjustment for multiple testing at a stringent significance level of P<0.01, reflecting enrichment of PS in small, dense HDL3.
To directly evaluate the role of PS for HDL function, we performed a separate experiment with native HDL isolated from a normolipidemic donor and enriched with PS in vitro. To prepare PS-enriched HDL, native HDL was incubated with a suspension of sonicated PS and HDL subfractions were reisolated. As a control, native HDL was incubated with PBS and HDL subfractions were reisolated in parallel to incubations with PS. The PS-enriched HDL3c was significantly more potent in effluxing cellular cholesterol from THP-1 cells as compared with control HDL3c (8.27±0.76% versus 5.59±0.15; n=5; P=0.005). Interestingly, incubation of native HDL with the same amount of PC also improved cholesterol efflux capacity of HDL3c but to a lesser extent (7.04±0.68%) as compared with PS-enriched HDL.
Discussion
The present study for the first time reveals marked heterogeneity in the phosphosphingolipidome across human plasma HDL subpopulations paralleled by heterogeneity in key atheroprotective HDL functions. Using a novel liquid chromatography-mass spectrometry/mass spectrometry approach, the abundance of PC, LPC, PS, and PA was elevated in small, dense relative to large, light HDL, whereas the inverse occurred for SM and Cer. Furthermore, multiple components of the HDL phosphosphingolipidome were strongly correlated with multiple biological activities of HDL, notably cholesterol efflux capacity from THP-1 cells, antioxidative activity toward LDL, antithrombotic activity toward platelets, cell-free anti-inflammatory activity, and antiapoptotic activity in endothelial cells, thereby suggesting that the HDL lipidome may affect particle functionality.
PC is the major structural PL of cell membranes and lipoproteins and accounts for 15%-20 wt% of HDL mass. [7] [8] [9] The enrichment of PC in small versus large HDL reflects predominance of surface components in small versus large particles. 15 LPC is the product of PC hydrolysis in the lecithin:cholesterol acyltransferase reaction, a key step of HDL maturation from small pre-β to large α-particles, which involves transfer of an acyl residue from PC to FC with a formation of CEs. Both enrichment of PC in, and preferential association of lecithin:cholesterol acyltransferase with, small, dense HDL can account for LPC enrichment in this fraction. 8 As considerable amounts of serum LPC are also associated with albumin, 9 HDL contamination by the latter (as typically occurs on fast protein liquid chromatography) can overestimate the amount of this lipid in HDL isolated by this approach. 9 In our study, HDL contained LPC at a lower abundance (0.7-0.8 wt%) as compared with HDL obtained by fast protein liquid chromatography (≤15 wt%). 9 As HDL subpopulations obtained by our procedure of gradient density ultracentrifugation are only minimally contaminated by albumin (<1-2 wt% as demonstrated by both immunologic and mass spectrometry approaches), 14, 18 the levels of LPC reported herein should essentially result from LPC present in HDL.
PS, a negatively charged minor PL, has been reported to be enriched in small discoid pre-β-HDL relative to large spherical α-particles. 26 Mechanistically, this observation may derive from ABCA1-mediated translocation of PS through the plasma membrane to participate in the formation of nascent HDL by apolipoprotein (apo) AI. 27 Indeed, PS induces conformational December 2013 changes in apo AI, accelerating discoidal complex formation. 28 The effect of PS may include reduction in pH at the lipid surface, 28 thereby facilitating electrostatic interactions of apo AI with polar head groups of PLs and resulting in the penetration of apo AI into the PL monolayer. 29 Another pathway underlying PS enrichment in small HDL may involve preferential uptake of PS from HDL on interaction with scavenger receptor type B class I as compared with PC and SM. 30 PA is another negatively charged minor PL enriched in small, dense versus large, light HDL. PA is a lipid second messenger with multiple binding partners that can be produced in platelets by the action of phospholipase D. 31 The preferential association of PA with small, dense HDLs may reflect their enrichment in apo LI, 14 a lipid-binding protein with high affinity for PA. 32 Mechanistically, redistribution of PA to small, dense HDL can be mediated by phospholipid transfer protein whose specificity for PA is high. 33 Low propensity of PA to hydrolysis by endothelial lipase 34 may additionally contribute to the enrichment of this lipid in small HDL. Interestingly, PI, another negatively charged PL, tended to be enriched in small, dense HDL3. All 3 PL subclasses were, therefore, predominantly present in HDL3, consistent with the elevated surface electronegativity of this HDL subclass. 35 By contrast, SM and Cer, 2 SL subclasses present in HDL at 3 to 6 and 0.02 to 0.05 wt%, respectively, were enriched in large, light HDL, in parallel to FC. These data are consistent with our earlier findings. 8 As metabolism of SM is closely linked to that of Cer, the observed distributions may reflect common metabolic pathways for these lipid subclasses. Apparently, both SM and Cer pools are not in equilibrium across HDL subpopulations, consistent with the slow rate of transfer of SM through the aqueous phase. 36 The low SM content of small, dense HDL may, in part, result from the depletion of SM in nascent HDL, a metabolic precursor of small, dense HDL3, which is derived from the exofacial leaflet of the plasma membrane. 37 These data suggest that marked heterogeneity in the phosphosphingolipidome of individual HDL subpopulations may reflect their distinct metabolic origins, which are not normalized by intravascular remodeling processes.
Our structure-function analysis revealed that the heterogeneity in the HDL lipidome was linked to HDL function. Each of the 5 biological activities, which were evaluated in HDL subpopulations, was elevated in small, dense, proteinrich HDL3. Such superior functional properties of small versus large particles were previously reported for cholesterol efflux via ABCA1, 17 human macrophages, for protection of LDL from oxidation 18 and for protection of endothelial cells from apoptosis. 6, 19 In these studies, the conclusion on functional superiority of small versus large HDLs did not depend on the concentration basis used to normalize their concentrations, thereby documenting superior intrinsic functionality of small, protein-rich particles.
Mechanisms underlying these biological activities of HDL differ considerably, involving interactions with distinct cellular proteins, such as ABCA1 24 and scavenger receptor type B class I. 19 Strong intercorrelations of such diverse activities are, therefore, particularly striking, potentially reflecting a distinct proteome 14 and lipidome 8 in small, dense HDL3. Indeed, small, dense HDL3 is not only quantitatively enriched in protein but equally contains a much higher number of distinct, functional proteins as compared with large, light HDL2.
14 Importantly, the HDL content of some of these proteins correlates with HDL function. 14 In the present study, all evaluated metrics of HDL functionality exhibited significant correlations with the phosphosphingolipidome of HDL. Several phospholipids and sphingolipids can directly affect biological activities of HDL. The capacity of HDL to efflux cellular cholesterol via scavenger receptor type B class I is proportional to the HDL content of PLs, 38 presumably acting via increasing lipid surface of HDL. Not only quantity but also quality, that is, chemical composition at the molecular level and physical properties, of HDL PL influences HDL functionality. Thus, both LPC and PI, [39] [40] [41] 2 PL subclasses regulating intracellular signaling cascades, enhance cholesterol efflux capacity of HDL via ABCA1. Similarly, PS seems to activate ABCA1-dependent cellular cholesterol efflux as suggested by experiments with apoptotic cells 42 and with PS-phospholipase A 1 -overexpressing mice. 43 In addition, PA is a downstream mediator of protein kinase C-stimulated cholesterol efflux from fibroblasts. 44 The potent cholesterol efflux capacity of small, dense HDLs may, therefore, reflect their elevated content of PC, LPC, PS, and PA.
Fluid physical state of PLs represents another important determinant of the ability of HDL to accept cellular cholesterol. 45 Indeed, high SM content decreases both the fluidity of surrounding liquid-crystal lipids and cellular cholesterol efflux to HDL containing such lipids. 46 Similarly, FC reduces fluidity of surface PLs in the liquid-crystal phase. The low abundance of SM and FC in small, dense HDL may, therefore, result in elevated fluidity of surface lipids in this subpopulation, potentially enhancing functionality. 8 In a similar fashion, HDL surface lipids can markedly influence antioxidative 23 and anti-inflammatory 47 effects of HDL, acting in part via modulation of physical properties. Accelerated efflux of cell-derived proinflammatory lipids and LDL-derived pro-oxidative lipids to more fluid HDL particles may underlie such relationships.
Other biologically active lipids linked to HDL function include lysosphingolipids, exemplified by S1P, which contribute to HDL-mediated protection from apoptosis. 48 ,49 S1P enrichment in HDL3 may, therefore, play a role in the potent cytoprotection provided by this HDL subfraction. 4, 8, 19 In contrast to S1P, Cer act as stress-signaling molecules and are proapoptotic in several cell types. 50 HDL-derived negatively charged PS and PI affect platelet activation, 51 possessing a potential for modulating platelet function.
Interestingly, HDL content of PS revealed essentially positive correlations with all metrics of HDL functionality, reflecting enrichment of PS in small, dense HDL. Modifications of the net surface charge of HDL by anionic molecules of PS, PI, and PA, all enriched in small HDL, can modulate chargedependent interactions with protein components, potentially improving HDL function. 11, 52, 53 Enhanced cholesterol efflux capacity observed by us in PS-enriched HDL is consistent with this hypothesis. Alternatively, HDL3 content of PS may serve as a biomarker of the presence of multiple proteins with diverse functions in this subpopulation.
14 Inverse correlations between metrics of HDL functionality and contents of lipids depleted in small HDL (SM, Cer, and FC) are consistent with this possibility.
Our structure-function analysis of normolipidemic human HDL particles has, therefore, identified negatively charged PS and PA together with LPC, SM, and Cer as potential contributors to HDL functionality. Such conclusions are, however, largely derived from correlational data and should be considered with caution. On completion with data obtained using HDL enriched and depleted in the lipids of interest, the structure-function analysis of HDL particles bears the potential to identify clinically relevant, atheroprotective HDL components. Furthermore, as the potent atheroprotective properties of cholesterol-poor small HDL are not reflected by routine clinical measurements of HDL-cholesterol, structurefunction analysis of HDL particles may prove useful for the discovery of new biomarkers of cardiovascular risk, which are potentially more informative as compared with circulating HDL-cholesterol levels.
